Artificial light, supplied by fluorescent lamps, has been effectively utilized in controlled-environment chambers for horticulture and floriculture nursery. This experiment aimed at investigating whether light-emitting diodes (LEDs) have the same effectiveness on plant morphology, photosynthetic and physiological responses as FLUORA lamps. Seedlings of common dandelion (Taraxacum officinale) and purple coneflower (Echinacea purpurea), species of high interest for their nutraceutical properties, were grown in controlled-environment chambers for 50 days under LED and FLUORA light sources as sole-source lighting systems, and the effects of artificial light supplies on plant photosynthetic performance and chlorophyll content (SPAD) were evaluated. The results were compared to plants grown under natural sunlight. In both species, total chlorophyll content (SPAD) values decreased for plants under sunlight, and for those grown under FLUORA lighting throughout the experimental period, while the values measured for plants grown under LEDs maintained a relatively constant value. At the end of the experiment, plant dry matter in both species was significantly lower under LEDs and FLUORA lighting, than the plants exposed to solar light. The two species showed different gas exchange dynamics under LEDs and FLUORA lighting, and photosynthetic performance decreasing after 10 days of light treatment compared to plants under sunlight. The results demonstrated that for common dandelion and purple coneflower photosynthetic processes are often modified when the species are cultivated under these artificial lighting and in controlled-environment chambers, because lamps do not able to generate the same spectrum and energy of sunlight.
Introduction
Living organisms are subjected to fluctuating environmental conditions. While most animals are able to move away from unfavorable conditions, plants are sessile and so must cope with various types of environmental signals. Among these signals, light could be considered the most important. In addition to its key role in plant metabolism, where it drives photosynthetic processes, light energy also acts to regulate plant growth, development and morphology. Light is also a very versatile signal, which varies not only in quality, but also in quantity, duration and direction. In fact, light quantity, quality, direction, and diurnal and seasonal duration regulate processes from germination, through seedling establishment to the architecture of the mature plant and the transition to reproductive development. 1 Artificial light, supplied by conventional lamps has been effectively utilized as solesource lighting systems in controlled-environment chambers for growing seedlings of many horticultural and floricultural species. 1 Today, sustainable energy sources by efficient light sources or lighting systems are studied and applied to optimize plant growth and development in growing chambers. 2 During the last years, the use of fluorescent light bulbs for plant growing in controlled-environment chambers has been substituted by more specific lamps, as FLUORA T8 Tubular fluorescent lamps (Osram, Munich, Germany), that provide nearly all the properties of sunlight for plant growing. [2] [3] [4] FLUORA lamps, providing a specific lighting spectrum more suitable for plant growth, are more specific than the usual fluorescent lamps used for greenhouse lighting. 3 Nevertheless, despite being efficient on the blue spectral region, they are weak in the critical red region. 2 Changing the supplementary light used in controlled-environment chambers from FLUO-RA to other lighting sources could even more reduce lighting costs as well as energy consumption, so contributing to a better environmental sustainability. In this context, energy efficient light sources as LEDs (light-emitting diodes) are able to emit light at specific wavelengths that improve photosynthetic rates and yield. 4, 5 In particular, LEDs emitting a light peak at 465 nm (blue color) and 630 nm (red color), that correspond to the absorption peaks of the main photosynthetic pigments, are the most useful for their ability of regulating plant photo-morphogenesis processes. In addition, LED lights have higher energy efficiency and longer lifetime than FLUORA. 6 The two species studied were chosen due to their importance and usefulness for nutraceuticals purposes; in fact, common dandelion (Taraxacum officinale, Weber ex F.H. Wigg) and purple coneflower (Echinacea purpurea L.), belonging to the Asteraceae family, are known to be medicinal herbs. Common dandelion is a perennial herbaceous plant spread worldwide up to 2000 m a.s.l. and is considered sometimes as a weed. It has several healthpromoting effects, such as diuretic, laxative and tonic, and it is used against dyspepsia, anorexia and high levels of cholesterol. 7 Purple coneflower is a perennial plant native of the prairies of Canada and the United States. This plant is well known as a medicinal plant for its effects in strengthening the immune system and for its antiviral activity. 8, 9 Fluorescence and LED lighting technology have been applied in horticulture to improve plant growth and development. 10 On this basis, this experiment aimed at investigating whether LEDs have the same effectiveness on plant physiology as FLUORA lamps to grow seedlings of these two species in controlledenvironment chambers. Plants of both species were tested under three different light sources (environmental sunlight, LEDs and FLUORA), and the effects of different artificial light supplies on photosynthetic performance and chlorophyll content (SPAD) have been evaluated. Compost pH values were measured using a pH meter (Jenway 4310, Barloworld Scientific T/As Jenway, Dunmow, Essex, England) on the substrate extract obtained by shaking the soil with double distilled water at 1:2.5 (w/v) substrate: water ratio. Substrate physico-chemical properties were the following: moisture content=60.0% (w/w), pH=6.58, total carbon=34.0% (w/w), total organic nitrogen=2.14% (w/w), C/N=14.17. 11, 12 An optimum moisture content in the pots was guaranteed by watering when necessary.
Light characteristics
Different condition of irradiation quality were obtained using black chambers divided in single separated cabinets, respectively, and equipped with LEDs and FLUORA lamps, respectively. LEDs light source was aligned in a box (32×32×4 cm) with a combination of 225 (5 mm) LEDs × 65 mW (165 red and 60 blue) to form a light-emitting set. The box was assembled with a finned aluminum heat sinks fixed. FLUORA T8 32W/77 L Tubular lamps (Osram, Munich, Germany) were used for the fluorescent illumination. The right distance of plants from both light sources was adjusted to Brief Report obtain equal conditions in terms of photosynthetically active radiation (PAR at leaf level=800 µmol m -2 s -1 ), also considering that LEDs have a higher luminous efficacy. Another group of plants was grown under sunlight in a climatized greenhouse located in Potenza (Southern Italy, 40°38'N, 15°48'E, 730 m a.s.l.). The spectra of the three different utilized light sources (LED, FLUORA and solar) were recorded using a LI-1800 spectroradiometer equipped with PC-1800 software (Li-Cor Inc., Lincoln, NE, USA).
Light treatments
Three-to four-leaved seedlings of both species were divided in three groups of ten units each: the plants of the first and second group were grown for 50 days into different black chambers under LEDs and FLUORA light, respectively, with a photoperiod of 16/8 h (light/dark) and at a constant temperature of 20°C. The plants exposed to sunlight were put for 50 days in greenhouse under environmental lighting at a constant temperature of 20°C. The three-to four-leaved seedlings used at the beginning of the experiment were homogeneous in size and phenotypic characters. For each treatment, fresh and dry shoot weights were measured at the end of the experiment. The seedlings were weighted by an electronic balance before (fresh weight) and after being at 85°C until a constant dry weight was reached. Dry matter content was calculated from the dry weight/fresh weight ratio and expressed in percentage (w/w).
Chlorophyll measurement
Throughout the experiment, five measurements on the leaf areas were carried out with a chlorophyll meter SPAD-502 (Konica Minolta, Osaka, Japan) across the whole surface of leaves (on the same area for all data points).
The mean values were calculated using the internal function of the chlorophyll meter and expressed in SPAD units. The correlation between total chlorophyll content and SPAD has been verified in plants grown under environmental radiation. Indeed immediately after SPAD measurement, the same leaves were detached for the chlorophyll extraction in pure N,N-dimethylformamide (Sigma-Aldrich; Saint Louis, MI, USA) for 24 h in the dark. The absorbance of chlorophyll a and chlorophyll b were measured using a Jasco V-530 UVvis spectrophotometer (Tokyo, Japan) set at 649 and 665 nm, respectively. 13 The values of total chlorophyll (Chl tot ) were obtained by the sum of chlorophyll a and chlorophyll b content.
Gas exchange
At 0, 10 and 50 days of light treatments, the measurements of net assimilation (A), transpiration (E), stomatal resistance (r s ) and intercellular CO 2 concentration (C i ) were carried out on apical mature leaves, well exposed to radiation in ten plants representative of each experimental treatment. Measurements were carried out at 12:00-13:00 h using a programmable, open-flow gas exchange portable system (LI-6400, Li-Cor, Inc., Lincoln, NE, USA) operating at 500 µmol s -1 flow rate.
Statistical analysis
The experimental design included three treatments arranged in a complete randomized block design with ten replicates (n=10). Statistical analysis was performed by analysis of variance (ANOVA) with SAS software (SAS Institute, Cary, NC, USA). Fisher's Least Significant Difference (LSD) test was performed for the comparison of means at P≤0.05.
Results and Discussion
The targeted spectral output of LEDs was more efficient for plant growth compared to FLUORA lamps relatively to the frequencies utilized in photosynthetic processes ( Figure  1) . Indeed, the numerical combination of red and blue LEDs allowed to obtain an optimal spectrum irradiative than FLUORA, with welldefined blue and red wavelengths. This result is of key importance, as plant blue light photoreceptors influence phototropism, stomata opening, leaf growth and chlorophyll production, while phytochromes absorb red light wavelengths, that initiate flowering, seed germination and root development. 14, 15 LEDs are used in numerous applications, including shelf-style lighting in growth rooms and in fullcycle plant production in greenhouses. 2 These lights are also used to determine the better combinations of bulbs, usually of blue and red wavebands, able to produce optimal growth for different species. For both common dandelion and purple coneflower, a linear relationship between the observed parameters with high correlation coefficients was found between the Brief Report The values of the ratio Chl a/b in the observed range amounted to 3.35 and 3.04 for common dandelion and purple coneflower, respectively.
In common dandelion, SPAD values decreased for sun-exposed plants and for those grown under FLUORA lighting throughout the experimental period, while the values measured for plants grown under LEDs lighting maintained a relatively constant value ( Figure  2A) . A similar trend was observed for purple coneflower, where SPAD values in plants under sunlight were significantly higher compared to those of plants grown under FLUORA lights ( Figure 2B ). The SPAD values measured on purple coneflower plants grown under LEDs showed a constant trend similar to that found in common dandelion (Figure 2 ). At the end of the experiment, the shoot dry/fresh weight ratio was calculated (Table 1 ). In particular, dry weight/fresh weight ratio in both the species was significantly lower under LED and FLUORA lighting conditions than in plants under solar light (Table 1) .
Values are means ±SD of ten measurements from ten different plants with ten independent replicates (n=10) for each light treatment. For each column and light treatment, mean values followed by a different lower-case letter are significantly different at P=0.05, according to Fisher's LSD test. It is possible to enhance photosynthetic performance modifying the spectral energy distribution (light quality) of lamps. 14 The imbalance in excitation of the photosystem I and II leads to a loss of quantum yield for CO 2 fixation. 6 In this research, common dandelion and purple coneflower showed different gas exchange dynamics under LED and FLUORA treatments, respectively. As regards to purple coneflower, after ten days of light treatment, A declined more with LEDs lamps than with FLUORA lamps (3.9 and 4.9 µmol CO 2 m -2 s -1 , respectively) compared to plants grown under solar light (Table  2) . FLUORA treatment significantly improved E, while r s declined significantly (Table 2) . However, C i increased in both the treatments (up to 393 µmol µmol -1 under FLUORA lamps) highlighting an effect of these two radiation types on the non-stomatal inhibition of photosynthesis ( Table 2) . As regards to common dandelion, after ten days of light treatment, A declined significantly by 78% respect to the solar while E decreased ( Table 2) . The values of r s and intercellular CO 2 concentration (C i ) increased consequently ( Table 2 ). The results indicate that, in both the plant species, irradiation treatments caused a stomatal and nonstomatal inhibition of photosynthesis respect to plants under solar light. After 50 day of light treatments, a deep reduction of all gas exchange parameters, likely due to leaf senescence, occurred (Table 2) . Considering the importance and usefulness of both common dandelion and purple coneflower for nutraceutical purposes and for the extraction of bioactive molecules, this work was aimed at testing plant behavior under confined and controlled light conditions to avoid any interference with the open environment. The results obtained confirmed that, although the two species studied are of high interest for their nutraceutical properties, they do not grow well under the artificial light sources here used. For this reason, it could be very important to carry out morphological studies aimed to verify and explain the effects of large-spectrum lights on the growth of these species. In particular, in addition to 465 nm (blue) and 630 nm (red) wavelengths, large-spectrum LEDs sources could be tested for covering other wavelengths throughout the whole photosynthetically active region (PAR=400-700 nm). In order to combine efficient photosynthesis and lighting strategies with new lamps types (LEDs and FLUORA) on plants, further studies on spectral impact on plant photosynthesis are thus necessary for determining the spectral energy distribution that better suits common dandelion and purple coneflower needs.
Conclusions
The obtained results demonstrated that photosynthetic processes are modified when both the species are cultivated under artificial lighting and in controlled-environment chambers, because the spectrum and energy of lamps are different from sunlight.
